Abstract To identify the geographical origins of larvae of Wohlfahrtia magnifica (Diptera: Sarcophagidae) causing myiasis of sheep in Italy, comparative DNA sequence analysis of the mitochondrial cytochrome b gene was performed, based on gene fragments amplified by PCR from genomic DNA isolated from individual specimens. DNA extractions of 19 larvae from Lazio, Molise, Puglia, and Sicilia generated 17 readable sequences homologous to 2 haplotypes, either CB_magn01 or CB_magn02; DNA extracts from 4 adult flies from Calabria (reared from larvae) produced 4 readable sequences belonging to the haplotype CB_magn01. The two haplotypes found represent both the East and West phylogenetic lineages of W. magnifica, which is consistent with the species' arrival from central/southeast Europe (East lineage) and/or from southwest Europe/northwest Africa (West lineage). This is the first report of the sympatric occurrence of the two lineages, which could have resulted from natural or human-assisted dispersal. Polymorphic nuclear loci will have to be characterized in order to explain the origins and lack of mitochondrial haplotype diversity of this pest in Italy, where it poses increasing veterinary problems.
Introduction
The fleshfly Wohlfahrtia magnifica (Diptera: Sarcophagidae) is one of the three obligate agents of traumatic myiasis of medical and veterinary importance (Szpila et al. 2014) . Myiasis caused by W. magnifica appears to be confined to the central and southern parts of Italy, where it has been discovered with increasing frequency in sheep flocks during the last decade (Bonacci et al. 2013; Giangaspero et al. 2014) (Fig. 1) .
Mitochondrial DNA markers have the potential to identify the origins of these infestations, which might be caused by local flies or those invading from other regions and countries. Unique DNA sequences (or haplotypes) of the mitochondrial gene cytochrome b (cyt b) have been shown to form two phylogenetic lineages that are geographically separate. One lineage (East) has been found only in the eastern Mediterranean region (Italy, Greece, Hungary, Israel, Iraq) , while the other (West) has been found only in the western Mediterranean region (France, Spain, and Morocco) (Hall et al. 2009a, b; Ready et al. 2014 ). These markers have already been successfully used to investigate the origins of W. magnifica on Crete, where myiasis reports increased significantly in the last decade (Hall et al. 2009b) . It was hypothesized that W. magnifica might have been introduced to Crete in sheep imported from Spain, but this was disproved by discovering only the East lineage on the island (Hall et al. 2009b; Sotiraki et al. 2010) .
The current report relates the comparative DNA sequence analysis of cyt b fragments amplified by PCR from total genomic DNA extracted from individual larvae of W. magnifica (removed from sheep) and from adults (reared from larvae removed from one dog in central/southern Italy), in order to identify the geographical origins of these obligate parasites.
Material and methods
Sampling and morphological identification of larvae infesting sheep Larvae were collected during epidemiological studies on traumatic myiasis carried out in sheep farms from several regions of Italy, namely Sicilia (Gaglio et al. 2011) , Lazio, and Molise (Giangaspero et al. 2011 (Giangaspero et al. , 2014 , and more recently Puglia (collected by A. Giangaspero) and Calabria (Bonnaci et al. 2013) .
Larval specimens of second and third instars were removed from the wounds using blunt forceps, killed by immersion in hot water (>80°C) for 30 min, then transferred into tubes containing 80 % ethanol, and labeled with date, farm, and animal code. The specimens were taken to the Laboratory of Parasitology, Department of Agriculture Science, Food and Environment, Foggia, Italy (Dept. SAFE; larvae from all regions except Calabria) or the Natural History Museum, London, UK (NHM; four adult flies reared from larvae from a case of canine traumatic myiasis in Spezzano della Sila, Calabria, collected by Bonacci on 10/07/2013), where they were identified morphologically (Zumpt 1965; Spradbery 1991) under a stereomicroscope at ×10-50 magnification. They were then stored at −20°C prior to molecular characterization.
Molecular characterization of larvae and adults
DNA was extracted from abdominal tissue (from body segments 6-9) of individual larvae using the Nucleospin Tissue kit (Macherey-Nagel, The Netherlands) in Dept. SAFE and from the thoracic flight musculature of individual adults using the QIAGEN DNeasy Blood & Tissue Kit (QIAGEN Manchester, UK) in NHM, according to the manufacturers' instructions. The extracted DNA was eluted in 50 μl of distilled water (Dept. SAFE) or 200 μl of buffer AE (NHM), and all the samples were stored at −20°C.
In SAFE Dept., three pairs of primers were used to amplify DNA sequences from all but the Calabria samples. One pair, CB3-PDR with N1N-PDR, was used to amplify the terminal c. 300 bp of the cyt b gene together with c. 250 bp of adjacent sequence (CB3-N1N fragment); or, for poorly preserved specimens, the same cyt b region was amplified as two overlapping fragments of 196 bp (primer pair PDR-WF01 and PDR-WR02) and 132 bp (primer pair PDR-WR03 and PDR-WR04) (Ready et al. 2009 (Ready et al. , 2014 . The PCR reaction mix contained 5× Phire Reaction Buffer (Thermo Scientific, USA), 200 μM of dNTPs (QIAGEN, USA), 10 μl of each primers, 1 U Phire Hot Start II DNA Polymerase (Thermo Scientific, USA), and 1 μl of genomic DNA in a final volume of 20 μl. The PCR protocol was denatured at 94°C for 5 min, followed by 94°C for 30 s, 62°C for 30 s, and 72°C for 60 s for 35 cycles, and finally 72°C for 7 min. A negative control (PCR water) was included in each PCR run. The PCR products were fractionated on 1.2 % agarose gels and positive samples were purified with Exonuclease I (EXO I) and Thermosensitive Alkaline Phosphatase (FAST AP) (Fermentas) enzymes.
In the NHM, the primer pair CB-CAL-F07 with PDR-WR04 was used to amplify 784 bp of the cyt b gene from the Calabria samples, using described methods (Ready et al. 2014) .
PCR products were directly sequenced in both directions using the BigDye Terminator v. 3.1 Cycle Sequencing Kit (Applied Biosystems) and each of the PCR primers according to the manufacturer's instructions. Sequences were determined on ABI PRISM 3130 and ABI 3730 Genetic Analysers (Applied Biosystems).
Editing DNA sequences and their alignment with reference mitochondrial sequences Sequences on both DNA strands were edited and aligned using the program Sequencher v 4.8 (Gene Codes Corp) by reference to 19 known cyt b haplotypes (Hall et al. 2009b; Ready et al. 2014) . These haplotypes consist of all 715 nucleotides at the 3′ end of the cyt b gene. The 19 haplotypes (CB_magn1-CB_magn19) are distinguished by 21 diagnostic nucleotide sites: 13 are upstream of the CB3-N1N fragment, and only 8 are within the CB3-N1N fragment. Therefore, Table 1 identifies the Italian sequences according to the absence of differences with CB_magn haplotypes (i.e., consistency), although they might differ from the known haplotypes upstream. Only two haplotypes of the 313-base pair CB3-N1N fragment were found, and these are likely to be homologous to CB_magn01 (in three larvae), which is the 715-base pair haplotype most frequently found in the East of the Mediterranean region; and CB_magn02 (in 14 larvae), which is the 715-base pair haplotype most frequently found in the West of the Mediterranean region. However, five other 715-base pair haplotypes of the East region (CB_magn10, CB_magn11, CB_magn16, CB_magn17, and CB_magn18) are indistinguishable from CB_magn01 in the CB3-N1N fragment, and four other 715-base pair haplotypes of the West region (CB_magn05, CB_magn06, CB_magn09, and CB_magn20) are indistinguishable from CB_magn02 in the CB3-N1N fragment.
No polymorphisms were identified in the tRNAser TCN and N1N genes downstream of cyt b.
CB fragment from Calabria
Good quality sequences (88.5-96.3 %, according to the Sequencher software) were obtained from three adult male flies (specimens MHa40, 42, 43) and one adult female fly (MHa41), and they were aligned with the 19 available 715-base pair haplotypes of cyt b (CB_magn01-CB_magn19). Each of the sequences from the four flies showed 100 % homology to haplotype CB_magn01.
Discussion
Only two haplotypes of cyt b fragment were found. One indistinguishable from haplotype CB_magn01 of the East lineage of W. magnifica, and the other indistinguishable from CB_magn02 of the West lineage of W. magnifica. Both lineages were found in Italy, sometimes together in the same area. The East lineage was found only in the two more northerly provinces of Lazio and Molise in central Italy and in the province of Calabria in southwest Italy, but the West lineage was found in four out of the five provinces, including Lazio and Molise as well as the southeast Puglia and the more southerly Sicilia. This is the first report of the sympatric occurrence of the two lineages in any country.
The results suggest, with caveats, that cyt b haplotype diversity might be limited in Italy, because only one haplotype of each of the two lineages was found. However, greater haplotype diversity might have been missed in the 17 larvae typed using only the CB3-N1N fragment, because only 5 were characterized at all 8 diagnostic sites: and 4 out of the 15 specimens characterized at 7-8 diagnostic sites had only moderate sequence quality (<90 % readable nucleotides). The moderate sequence quality probably resulted from the relatively poor state of preservation of the larvae, and not the presence of chemical inhibitors, because both the PCR products and the sequencing reactions were purified by standard methods.
We can only speculate whether the overlap of the ranges of the two lineages in Italy is natural or assisted by human activities such as rapid transport of sheep. Within other species of insects and mammals, Italy is often occupied by a unique or eastern Mediterranean lineage, but it can be a zone of secondary contact after allopatric divergence (Esseghir et al. 2000; Schmitt 2007 ). The distributions of the East and West lineages of W. magnifica in southern Italy are consistent with an arrival of the East lineage from central/southeast Europe, but it might also match the arrival of the West lineage from southwest Europe or northwest Africa. Conclusions should not be influenced by the earlier results for Italian flies: only two specimens were typed by Hall et al. (2009a) , who reported only the East lineage. Although analysis is constrained by having only small population sizes and short sequences from Italy, we can compare cyt b haplotype diversity in Italy with that already recorded in individual regions of Crete, Hungary, Spain, and Morocco (Table 2 ; Hall et al. 2009b ). This shows that Italy has low haplotype diversity, similar to all the other regions sampled except Morocco. Lack of haplotype diversity is consistent with the Brecent^arrival of a population in an area, but it can be difficult to distinguish between natural spread in the last c. 10, 000 years (by populations reaching the edge of their climate range after the last glacial period) and very recent introductions by humans. It is often very difficult to distinguish these two types of spread if only mitochondrial haplotypes are used in the analysis (Esseghir et al. 2000; Wardhana et al. 2012) . Greater sampling effort and the characterization of polymorphic nuclear loci (microsatellites and SNPs) are usually required to distinguish the two spread scenarios, which are both recent on a geological time scale. The characterization of polymorphic nuclear loci might best be achieved by high-throughput whole genome sequencing (Campo et al. 2013 ).
